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Project  Summary 


A  large  fraction  of  dissolved  organic  matter  (DOM)  in  seawater  is 
composed  of  biologically  refractory  (hon-utilizable)  substances.  The 
formation  and  destruction  pathways  of  this  organic  matter  are  still 
unknown.  One  potentially  important  removal  pathway  that  has  not  been 
quantified  is  sunlight- induced  (photochemical)  break  down  of  DOM  in  the 
sea  surface.  Important  breakdown  products  include  biologically 
utilizable  compounds,  especially  low  molecular  v?eight  (LMW)  carboxylic 
acids,  formate  and  acetate,  and  a-keto  acids  glyoxylate  and  pyruvate. 
Therefore,  we  used  organic  acid  photo -production  in  seawater  as  a  tool 
to  evaluate  the  importance  of  photo -fragmentation  of  biologically 
refractory  organic  matter  in  the  sea.  Laboratory  studies,  integrated 
with  a  sea-going  program,  SOLARS,  was  used  to  establish  a  broad  data 
base  for  the  spatial  and  temporal  distribution  of  organic  acids  in 
coastal  and  oceanic  waters.  With  this  data  base,  and  associated 
biological  turnover  and  photochemical  production  measurements,  we 
determined  that  the  photochemical  production  of  these  compounds,  when 
completed  to  their  biological  turnover,  plays  a  major  role  in  the 
geochemical  cycling  in  the  sea. 
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Photochemical  source  of 
biological  substrates  in 
sea  water:  implications 
for  carbon  cycling 
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&  Kenneth  Mopper^t 

*  Rosensliel  School  o(  Marine  and  Atmosphciic  Science.  University  of 
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pissc_)l.vi;i>  organic  enrbon  (l){)C)-in  sea  water  rcprc.scnl.s  true 
dr  ihe'largesi  reservoirs  of  carbon  on  ibe  carlli'.  ’I  lic.ntain  fraction 
of  ibis  UC'C  is  gcneraliy  believed  to  be  coinpo.sed  of  oId^  biologi- 
cn|lj‘  refractory  iiintcriaL^sucIi  as  biiniic  substances,  for  vvbicli  the 
removal  niccbrinisrns-  renmlri  largely  itnknnwn.  One  potentially 
Important  rcnTovnliprdcess  In  tire  ocean-dial  lias  hot  been  investi¬ 
gated  is  lire  pbolochcniicai  breakdown  of  Ibis  DOC  in  Ibe  photic 
7onc  to  form  biologically  labile  iirganlc  prodncl.s.  Here  nc  slioir 
that  bloingicai  uptake  of  pyruvate  Is  bigbly  correlated  to  its  rale 
of  photochemical  production  in  sea  water  (r  =  0.9(>4),  and  Hint  the 
pholocheniicai  prccrirsor(s)  of  pyruvate  Is  from  the  fraclimi  of 
DOCihaving  a  noihinal  molecular-weight  of  500.  Ibis  is  lire  first 
evidence  Ihal.pbdlocbcmical  breakdown  of  high-mniecnlnr-wcigbl 
niadiic  DOC,  vvliicliJs'prcsuinably  biologically  refractory,  rcsnlls 
in  Ihe-produclion-of  a  compound  that  is  used  by  pianklon  ns  a 
sub.siralc.  Our  rcsull.s  jiavc  important  implications  for  the  oceanic 
carljon'cycle,  particularly  with  respect'  to  plariktonic-food-wcb 
dynamics  and  the. global  carbon  budget. 

We  collected  surface  seawater  samples  from  a  variety  of 
coastal  and  oligotrophic  stations  (Fig.  I)  during  the  SOl.AUS 
{.Study  of  Light  Activated  Ilcaction.Vin  the  Sea). cruises.  Details 
of  sampling  procedures  will  be  presented  elscvHicrc  (J).J.K.  el 
n/., manuscript  in. preparation).  Urielly,  wc  dctci mined  the  bio 
logical  uptake  of  pyruvic  acid  by  measuring  its  ambient  .sub.sit.ilc 
I  cphccntralion  S„  by  high  performance  liquid  chnmmtogt.ipiiy' 
nndrdctcrmining  the  turnover  lime  f„  of  pyruv.ilc  at  S„  using 
Ihij  respiration  corrected  kiiKlic  ,i|iproacb'.  'Iypiv..il  S„  values 
rar^’cd  from  0.2  to  2.1)  iiM  for  origotrophi,.  slajiuii.s  .md  0.9  to 
f>.2aiM  for  coastal  stations.  Wc  addcd.[2  '''C'J  labelled  pyiiiv.itc 
to  unlillcrcd  .seawater  samples  lo-oblaiii  conccpli.'ititiiis  iiv  the 
range  10- 120  iiM;  vve  added  gliilaraliichydc  to  pjiriivatc  controls 
Irols  to  .itconnt  for  abiologital  procc.ssc.s  (.such  as,  ad.soi  ptimi 
onto  particles).  Wc  incubated  the  .samples  in  acivi  washed  poly- 
''•carbonalc  bottles  placed  in  a  water  bath  and  c.'sposcd  to  sniiiiglii. 
There  is  evidence  that  light  inhibits  uptake  of  organic  suji- 
slratcs^’;  nevertheless,  the  ineubaiions  were  done  under  light 
conditions  because  llii.'  most  clo.scly  rcliccicd  ambient:  coiuli- 
lio.ns  in  surface  sea  water.  In  cii.scs  where  wc  made  liglit-dark 
compari.sons  to  estimate  the  magnitude  of  plioloinliiliiliun  of 
uptake,  tlic  light  rales  of  pyruvate  uptake  vycre  vyitliin  20/!i  of 
the  corresponding  dark  rates  ( D.J.K.  et  al.,  unpublished  results). 
Samples  were  inciihalcd  from  0.2  to  1.7  h  al  coastal  stations  and 
frotn  .1  to  1.1  h  for  olishorc  .silc.s  in  the  Gulf  Sirenin  and  the 
.Sargasso  Sea.  Wc  cho.se  incnbalion  limes  such  that,  in  most 
instances,  the  .substrate  uptake  was  <10'):.  al  the  lowest  nddilioii; 
wd'incasurcd  the  amonni  of  b.tlicT  a.ssiniilalcd  as  well  as  the 
amount  rcspircd-lo  carbon  dio.sidc.  The  turnover  lime  is'llic 
''vcriical-asis  intercept  of  tlic  plot  of  the  incubation  lime  divided 
Ivy  the  fraction  ofisolopc  taken  up  as  a  fuiiclion  of  concciilialion 
of  added  pyruvale.Tiiiic-coiir.se  c.vpcrimciits  performed  al  each 
sialioa  .showed  iliai  llic  uptake  vif  pyruvate  in  all  Cases  was  linear 
during  incnliuiions’  (l).jjK.  ei  «/..  manuscript  in  preparation). 
After  dcicimining  S„  and  t„.  wc  c.in  calciil.ilc  the  iipl.ikc  r.iic 
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of  pyniv.ilc  V'„  .it  tlic  .mibicnt  substrate  concentration  from  the 
equation: 

“  5,,/  f„ 

Concutrcnl  wiili  uptake  sludic.s.  wc  exposed  0.22-|«.m-filtcrcd 
.sc.ivv.itci  s.iiiipics  to  sunlight  to  determine  rates  of  photo¬ 
chemical  piuductioii  of  pyruvate.  Irradiations,  ranging  frem  I 
to  3  h,  vvcfc  carried  out  at  midday  between  TO. 00  and  14.00 
local  lime.  Sample  filtration  lias  no  significant  clfcct  on  photo- 
chciiiiciil  piudiiciioii  talcs  of  pyruvate  when  performed  carefully 
(.siicli  as  gr.ivily  fillratiori  throiigli  a  VVlialtiiaii  GF/C  filter  fol¬ 
lowed  by  vaeuiiiii  fillralioii  lliruiigli  a  0.22-|Lin  nylon  filter  at  a 
prc.ssurc  dillcrctilial  rs  i|)t)  mill  llg)'*. 

Using  d.it.iTiuiii  several  field  inciiiionv,  wc  plotted  the  uptake 
talc  of  pyiiiv.itc  .It  S„  ag.iinst  its  rate  of  plioloclicmical  produc- 
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Delenninalion  of  low-molecular-weight  carboxylic  acids 
in  aqueous  samples  by  gas  chromatography 
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AIKSI  RACr 

A  gas  chrnmatngrapliic  mcliiod  was  developed  for  llie  dcicriniiinlion  of  low-inoicctilar-wciglil  carboxylic  acUs  in 
aqueous  samples  based  on  a  derivaliralion  ptoccdiite  coitipntib|c  with  atpicniis  solutions,  llic  tccliniquc  uses 
nitrogen-selective  detection  with  a  theiniinnic-.spccific  detector  after  derivatiiation  of  carboxylic  acids  as  2- 
nilrophcriylhydtaudcs.  "I he  liydrarjdes  were  extraclcrl  with  ethyl  ncctateJdr  iiijec|inn  into  the  gas  chto>natogr.aph.  the 
derjvatives.appear  to  he  stable  iri  ethyl  acetate  at  0-5  “C  for  long  peiiorls  and.  therefote,  can  be  stored  for  analysis  at  a 
later  date.  Tlie  detection  littuls  of  different  .slinrl-cli.aiti  .acid.s  are  in  the  range p.B-l.d  pniol  per- injected  sample,  ilic 
relative  .standard  deviation  is  less  tliari  lOX  at  the  I  pM  level,  examples  of  the  u.se  of  the  mclIiod  ate  given  for  the 
determination  of- carboxylic- acids  in  anoxic  marine  .scdinicrit  pore  walcr.s.|  co.aslal  sea  water- and  Black  Sea  water 
samples. 


Keywqrds:  Carboxylic  acids';  Walerj' 


Low-molccular-wcighl  carboxylic  acid.s  (ali¬ 
phatic,  .sliort-cliaiii,  Cj-Cj)  arc  important 
mclnbolitcs  and-  itilcrti)cdin(c.<;  in  biological 
processes  attd.nrc  widely  dispersed  in  the  environ¬ 
ment,  including  aquatic  bodies  atid  .sediments. 
Several  gas  (GC)  atid  liquid  cliromatogrppliic  (LC) 
inctiiods  have  bceti  reported  for  llicii  'deleiniiiia- 
|tion  at  low  nanomolar  to  microinolar  concentra¬ 
tions  in  aqueous  samples.  Ion  chromatography 
jcombincd  with  conductivity  dctcclion  epn  be  used 
for  analysis  of  relatively  clean  matrices  such  a.s 
rain  [1]  and  glacial  melt  waters  [2J,  but  ji.s  not  weli 
suited  for  complex  ionie  matrices  .such  as  sea 
water  or  sediment  pore  water.  Mclhods  based  on 


*  I’re.xcni  nddtess:  Environmcnlal  Cliemhlry  Division,  Dcpatl- 
menl  of  Applied  Science,  Drookhnven  Hnlional  Lahor.ilory, 
Upton,  NY  11973. 
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electrophoresis,  such  as.  i.solachophorcsis  [3]  and 
capillary , zone  clcclrophorc,sis  ('ll  have  also  been 
u.scd,  but  their  dctcclion  liinils  arc  usually  higher 
than  lho.se  of  chromatographic  methods.  GC  and 
LC  methods  usually  require  chemical  dcrivatiza- 
tion  of  carboxylic  acids  to  enhance  detectability, 
cliroiiiatogtaphic  separation ^nd' solute  volatility. 
Tor  GC,  carboxylic  acids  have  been  converted  to 
alkyl  esters  sucli  as  methyl  (5),  benzyl  |6,7J  or 
pentafluoiobenzyl  esters  (8-11).  In  LC  methods, 
derivatizations  with  absorbing  or  fluorc.sccnt  labels 
such  as  p-bromophenacyl  bromide  (12),  penta- 
flurobcntyl  bromide  (13)  or  coumarins  (14)  have 
been  commonly  used. 

In  almost  all  previous  studies,  it  was  nccc,ssary 
to  use  a  phase-lransfer  step  prior  to  the  dcrivaliza- 
tion  of  carboxylic  acids  because  an  organic 
medium  was  required  for  the  labelling  reaction. 


o  r , 


S /-a  ,  fh  1 1 I^ya  t\  ^  l\^ 


A 

nn  it,  -  f.'t  ?f’ 


Rcpriiilt.  .0111  Nature,  Vol.  325,  No.  6101,  pp.  2‘16-249,  15  Ja  y  198? 
©  Macmillan  Journals  Ltd.,  I9S7 


Free  amino  acids  in  marine  rains: 
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Previous  studies  of  dissolved  organic  nitrogen  (DON)  in  predpHa- 
iion  have  addressed  various  aspects  of  nutrlenl  transport  and  global 
nitrogen  cycling'.  Inmost  of  these  studies  however,  the  detailed 
■cheitilcarcomposltioh  of  DON  was  not  determined.  Analyses  of 
specific  orgariic  nitrogen  compounds  within  precipitation  can  yield 
new  {hformation  about  sources  and  transformations  of^DON  as 
well  as  about  heterogeneous  pxidatirc  processes  in  the  atmosphere. 
Dissolved  free  amino  acids  (DFAA)  are  a  class  of  compounds  for 
which  surprisingly  few  analyses  in  precipitation  have  been  pub¬ 
lished*.  We  report  hcre  the  first  detailed  analyses  of  DFAA  and 
primary  anilnes  in  marine  rains.  Uneicpccledly  high  concentrations 
of  total  DFAA  were  measured,  averaging  about  6.5  |iM  (16  marine 
rain  samples)-  and  ranging  from  1.1  to  15.2  itlM  (6.015  to 
0.21  p.p.m.N);  these  values  are  similar  to  those  obtained  for 
inorganic  nitrogen  species*.  Amino  acids  arc  predominantly  found 
In  rain  as  thelr  L  optical  isomers  and  therefore  are  most  likely 
biological  in  origin;,  however,  the  ciiacl  sources  and'  iiiodcs  of 
enrichment  in  rain  over  the  open  ocean  arc  not  knouh.  .There  Is 
evidence  that  somc'of-the  amino  acidsi  in  particular  melh.'ohine, 
arc  oxidir.cd  in  the  atmosphere  possibly  by  a  heterogeneous  photo¬ 
chemical  pathway.  The  finding  of  high  DFAA  and  primary  amine 
concentrations  marine  rain  may  have  important, implications  in 
global  nitrogen  cycling  and  also  may  coniribtilellocally  to  available 
nitrogen  at  the  sea  siTrface.  | 

I  Rain,  air,  and  seawater  samples  were  analysed  at  sea  for  one 
Year  during  four-recent  cruises  and  at  the  home  laboratory  in 
Kliami  as  part  of  the  SOLARS  programme  (Studies  of  Light 

I  I  * 


Activated  Rc.actions  in  the  Sea).  These  cruises  were  located  in 
the  Gulf  of  Mexico  (RV  Cape  Florida)  and  in  dilfcrcnl  locations 
ill  the  nortliwesl  Atlantic  Ocean  (RV  Columbus  /se/m)  (Table 
1).  Amino  acids,  primary  amines  and  ammonium  were  analysed 
on  board  by  high  performance  liquid  chromatography  in  con¬ 
junction  with  precolumn  fiiiorcsccncc  dcrivalixation  with  o- 
phthalaldchydc  and  a  thiol*.  For  some  samples  two  dillercnt 
thiols,  2-mcrcnploctiianoI  (MO)  and  N-acclyl-L-cystcinc 
(NAC),  were  employed  in  separate  dcrivatizations.  This  was 
done  to  verify  the  identification  of  specific  amino  acids.  since 
the  thiol  used  in  the  reaction  greatly  alters  the  chromatographic 
selectivity  of  tiic  fiiiorcscent  derivatives,  in  addition,  the  use  of 
NAC  results  in  the  separation  of  I.  and  D  enantiomers''  and  also 
permits  more  sensitive  detection  of  ammonium  than  ME.  Sccon 
dary  and  tertiary  amines  cannot  be  determined  by  this  technique. 

Extreme  care  was  exercised  to  eliminate  contamination  during 
sampling.  Rain  samples  were  collected  with  acid  ivashcd  glass 
runnels  and  bottles  that  were  rinsed  several  times  with,  rain 
before  the  actual  samples  were  taken.  Air  was  sampled  using 
an  .all  glass  impingcr  filled  with  deionized  water;  the  air-flow 
was  1-2  litre  miir'  and  approximately  0.1 -0.2  m’  of  unfiitcred 
air  were  s.'impicd.  Most  rain  .samples  were  analysed  unrilfered 
and  within  oiicJiour  of  collection.  Several  samples  were  filtered 
(0.7  p.m  glass  fibre  or  0.2  |im  membrane)  and  stored  frozen. 
Fillration  and  freezing  were  found  not  to  alter  significantry  the 
composition  of  samples.  A  summary  of  the  results  and  back 
ground  information  on  a  few  representative  rain  and  air.sampics 
arc  given  inTablc.l;  detailed  DFAA  and  primary  amine  compo¬ 
sitions  of  these  samplcs  arc  given  in  Tabic  2.  Concentrations 
up  to  IS  ilM  were  observed  in  marine  rains.  Procedural  blanks 
(deionized  water  or  sea  water  put  through  the  nbove  collection 
and  sample  handling  procedures)  showed  no  evidence  of  amino 
acid  conlaminalion  front  cither  the  sampling  personnel  or  the 
ship,  rnrlhcriiiorc,  the  sample  handling  and  dcrivalization  pro 
ccdurcs  were  identical  to  those  routinely  used  on  the  same 
cruises  for  the  determination  of  DFAA  and  ammonium  in  sea¬ 
water,  where  total  conccnlralions  were  2  3  orders  of  magnitude 
lower  than,  in  most  marine  rain  samples  (Table  2). 

Tlic  DFAA  pattern  of  marine  rain  is  dominated  by  glycine. 


Table  I  Amino  acids,  piiinary  niiiincs,  nininoaium  and  background  data  Tor  rain  and  air  samples 


Sample 

Date 

Location 

n 

9/16/85 

26'22'  N 
89'52'W 

D 

9/19/85 

24*38’N 
82’57'  \V 

F 

1-3 

1-3  Hydrolysis 

10/2/85 

Miami 

0-3 

2/23/86 

25'55'  N 
78'13’W 

Q.| 

2/26/86 

20’31'N 

68M4'W 

T 

6/22/86 

26’46'  N 
75'24'  W 

U 

9/26/86 

26"30'  N 
76'04'  \V 

Marine  air  It 

2/28/86 

13-12’ N 
66''04’  \V 

Surface 

sea  water  (pM) 

10/25/86 

26’30'  N 
76'04’W 

; 

I’rcvailing 

Amino 

Primary 

Local  Time 

wind 

acids 

amines 

(nst) 

direction 

(pM) 

(|iM) 

OnIJ  of  Me.xico 

19:30 

NNE 

13.22 

O.IO 

12:17 

E 

15.17 

1 

0.08 

Miami,  Fiorhia 

11:00 

SE 

0.61 

0.25 

17:10 

N\V 

0,39 

0.035 

17:10 

3.03 

1.32 

Northwestern  Atlantic  Ocean 

22:55-23:21 

sw 

10.80 

1.35 

10:25-10:30 

N 

4.91 

0.22 

05:45-06:00 

E 

1.71 

0.12 

19:00-19-05 

E 

4.04 

0.65 

11:45-16:40 

E 

2.18 

0.022 

14:40 

E 

0.062 

nh; 

NOT 

cr 

soi- 

11,0,' 

(|iM) 

(pM) 

(pM) 

(pM) 

(pM) 

13.24 

18 

3,024 

191 

38.6 

ND 

ND 

ND 

ND 

20.2 

1.2 

282 

3,945 

366 

ND 

3.79 

30 

82 

12 

ND 

13.14 

ND 

ND 

ND 

ND 

13  06 

1,169 

666 

52 

8.4 

16.36 

80 

883 

70 

18.7 

2.81 

23 

206 

ND 

ND 

17.52 

ND 

ND 

ND 

80 

1.08 

527 

265 

29 

ND 

0.42 

ND 

ND 

ND 

0.012 

fill,  inn  ilrirnitiiicd. 
•$tc  ref.  17. 
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AUSTRACT 

Kicber,  D.J.  nndrMo|ipcr,rK.,  1987.  Photochcmicnl  rorinnlion  of  glyoxylic  and  pyruvic  acids  in 
seawater.  Mar.  Chem..  21:135-1-19. 

Glyoxylic  and  pyruvic  acids  were  formed  wlien  nilcr-stcrilixcd  seaw.nter  was  exposed  to  solar 
radiation.  Production  rates  varied  from  s.implcs  collected  from  distinctly  different  regions  of  the 
sen. -jlumic-rich  seawater  from  tlie  Florido  Day  exliibiled  net  photoclicmicnl  production  rates 
.(glypxylate.  27.5  nM/W-h  m"’;  pyruvate,  12.9  nM/W-li  rn  *’)  that  were  siBuificanlly  Rreatcr  tlian  net 
production-rales  for  humic-poor  water- (glyoxylntc.  3.1  nM/\V-hnj**;,pyruvnle,  I.8nM/W.hm'’) 
collected  in  the  Gulf  Stream.  Wlien  seawater  was  not  filtered,  the  concentrations  of  gryoxylalc  and 
pyruvate  were  found  to  underRO  diurnal  variations  resulting  from  an  imbalance  between  biological 
and  photochemical  processes. 

A  depth  profile  of  the  plyoxylnlc  concentration  from  several  occanicstntions  showed  a  pronoim- 
ced  daytime  innximum  in  the  upper  lOni;  this  nniling  is  consislcnl  with  laboratory  rcsulLs  that 
demonstrated  that  Rlyoxylnlc  is  formed  photocliemically  in  seawater.  Pyruvate,  in  contrast,  show¬ 
ed  no  clear  trend  with  depth;  its  distribution  in  the  water  column  may  be  primarily-controlled  by 
biological  processes  rather  than  by  photochcmiiYil  proce.sscs. 

Uiological  procc.s.ses  arc  generally  thought  to  control  the  spatial  and  temporal  disli  Jiition  of 
simple  organic  melnbolilcs  in  seawater.  Our  results  show  that  photochemical  processes  may  also 
=b^  important  in  the  marine  cycling  of  some  biochemical  conipounds. 

IliTRODUCTION 

Suiilighl  pGiictmling  tiie  sea  surface  can  promote  Iransrormiitions  of  dissol¬ 
ved  organic  matter  (DOM)  in  the  photic  zone.  In  particular,  sunlight  can 
initiate  condensation  reactions  leading  to  the  formation  of  marine  humic 
substances  (Harvey  et  al.,  1983;  Momzikoff  ct  al.,  1983),  and  can  induce  a 
variety  of  primary  and  secondary  photochemical  reactions  yielding  small, 
oxidized  organic  and  inorganic  products  such  as  aldehydes  and  ketones 
(Mopper  and  Stahovec,  1986),  or  carbon  monoxide  (Conrad  and  Seiler,  1980). 
Significant  oxygen  consumption.can  result  from  these  photoprocesses  (Laane 
et  al.,  1985).  However,  as  indicated  by  a  recent  review  by  Zafiriou  (1983),  our 
present  understanding  of  the  nature  and  rates  of  these  photoprocesses  is  still 
quite  rudimentary. 

.Photochemical  transformations  of  DOM  may  have  an  important  impact  on 
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AWSIRACr 

A  liglii-prinliiciiig  tcnclion  iilili/iiig  three  eii/.yiiics.  haLtcrial  hiLifciasc.  ruitiialc  deliydrtigenase  ind  diaphntase.  can 
he  used  to  determine  {rrmiic  acid  in  natural  ualcrs  at  nanunitdar  t.onceiittntions.  Hie  inclhtHl  i:  rapid  and  Lonvenieni, 
rcqitiitiig  no  prceonceiitralinn.  desalting  or  dcrivnti7.ation  prrKedutes.  Dcicrininatiiiiis  can  he  done  on  small  sample 
sadiiiiies  (25  ;il)  at  riiiim  lenipcraliirc  and  pH  7.  the  prciisinn  (icialtvc  .standard  rleviatioii)  for  .sea  tvalcr  samples 
containing  1.0  /iM  formate  svas  9.0%  («  «  15).  Hic  reaetion  is  specific  for  formate  with  a  detection  limit  of  20  nh! 
(signal-to-noise  ratio  3).  Results  for  applications  of  the  method  to  sea.  estuarine  and  rain  water  arc  given. 


Fottoic  ncid  and  oilier  volalilc  Tally  acid.s  play 
iiiiporlanl  roles  in  almo.splterlc  clicntislry  and  bio- 
chemical  palhways.  Formic  and  accllc  acid  arc 
fortned  by  pliolocliemical  oxidalion  inillit  almo- 
I  sphere  (11.  atid  arc  knowtt  lo'bc  impcjrlatU  sub- 
siralc.s  for  baclcria  in  oxic  and  anoxic  scdimcnis 
j  and  pore  svalcrs  (2,3).  Volalilc  Tally  acids  arc  a 
i  polcniially  imporlatil  coiuponcnl  ofj  di.ssolvcsl 
organic  mailer  in  sea  walcr.  In  ihc  Iasi  decade, 
exlcnsivc  research  has  been  done  lo  c(iaraclcii/.c 
dis.solvcd  organic  mailer,  which  plays  an  iiti- 
porlaiti  I  ole  in  clicmical  atid  occanograpliic 
procc-sscs. 

’I  he  dclcrminalion  of  Iracc  levels  of  vtilalilc 
Tally  acid.s.  in  particular  fortnic  acid,  in  aqucoits 
samples  has  (irovcd  a  diTTicult  task  owing  lo  ilicii 
high  solubilily  and  volatility.  They  arc  al.so  nol 
easily  extracted  or  detected.  Natural  waters  give 
ri.se  to  further  difTicuIlics,  especially  where  ihc 
sample  matrix  is  citlict  saline  or  variable  in  ionic 
background  and  contains  many  other  trace  organic 
compounds.  Methods  which  work  for  rain  in  gen¬ 
eral  do  nol  work  for  other  natural  waters,  espe¬ 
cially  sea  water.  With  very  few  exceptions  (d,5j. 

OIK)3-2r.7O/9l)/5O3.50  O  199(1  liUcvicr  .Science  l'uhli.dier.s  11. V. 


levels  of  formate  in  sea  water,  which  arc  expected 
lo  be  in  the  /iM  lo  tiM  range,  have  nol  been 
reported  a.s  existing  methods  do  not  have  the 
required  sensitivity.  Most  methods  also  involve 
either  complicated,  time-consuming  sample  pre¬ 
paration  or  have  insufficient  .sensitivity  or  selectiv¬ 
ity.  Direct  detection  in  natural  water  .samples  by 
chromatographic  tcclinrqucs  is  prone  to  inter¬ 
ferences,  mainly  from  inorganic  salts,  which  in 
turn  reduces  the  detection  limit.  Commonly  o.scd 
g.as  chroinalograpliic  mcliiods  involve  concentra¬ 
tion.  cxtraclion  and  dcrivalixation  steps  (6  8|. 
lon-cxciusion  chromatography  will)  conductivity 
detection  suffers  from  anion  intcrrcrcnccs  which 
ina.sk  the  formate  peak  at  the  levels  expected  in 
.sea  w.ilcr  (2).  Rcvcr.scd  pha.se  liquid  cliromalogra- 
phy  (ftP-LC)  is  .suly'ccl  lo  low  retention  and  poor 
dcicetof  response  (UV  and  refractive  index  detec¬ 
tion).  Dcrivatizalion  with  chroniophorcs  (9  H) 
c.u)  help  overcome  this,  but  high  blanks  still  cause 
rirajor  problems.  A  recent  LC  method  described 
by  Mivva  cl  al.  (II|  and  adapted  for  .sea  water 
.samples  [12*  can  delect  formic  acid  and  other 
volalilc  fatly  acids  at  low  microniolar  levcl.s,  but  is 
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An  enzymatic  method  wa|  developed  to  quantify  formic  acid 
In  natural  water  sample*  at  submicromolar  concenlrallons. 
The  method  Is  based  on  the  oxidation  of  formats  by  formate 
dehydrogenase  with  corresponding  reduction  of  /7-nIcofInr 
^Ide  adenine  dinucleotide  (i9-NAD^^  to  reduced  fJ-tlAO* 
{/?-NADH);  /3-NAOH  Is  quanlilled  by  reversed-phase  hlgh- 
perforriiance  liquid  chromatography  wlih  fluorometrlc  detec¬ 
tion.  An  Irnportant  feature  of  this  method  Is  that  the  enzy¬ 
matic  reaction  occurs  directly  In  aqueous  media,  even  sea- 
vvaler,  and  doss  not  require  sample  pr^trealmenl  olher  than 
sample  filtration.  The  reaction  proceeds  at  room  tomporature 
at  a  slightly  alkaline  pH  (7.5-8.5)  and  Is  specKIc  for  forninto 
with  a  detection  limit  of  0.5  pM  {S/N  =  A)  for  a  200.pL 
Injection.  The  precisloii  of  the  method  was  4.6%  relative 
standard  deviation  (n  =  6)  for  a  0.6  pM  standard  addition  of 
formate  to  Sargasso  seawater.  Average  recoveries  of  2  pM 
addHlpns  of  formate  to  seawater,  porewater,  or  rabi  wero  103, 
103,  and  87%,  respectively.  Intercallbratlon  with  a  DIonox 
Ion  chromatographic  system  showed  an  excellent  agreement 
01.88%.  Concentrations  of  formate  present  In  natural  sam¬ 
ples  ranged  from  0.2  to  0.8  pM  for  Blscayne  Bay  sonwaler. 
0.4  to  10.0  pM  for  Miami  rain,  and  0.9  to  8.4  pM  for  Blscayne 
Bay  sediment  porewater. 

TI.erc  is  considerable  interest  in  the  role  of  formic  nuil  and 
other  Volatile  fatty  acids  In  the  early  dingenesis  of  organic 
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matter  in  lacustrine  and  marine  sediments  (/,  2).  Formic  add  . 
is  on  importnnt  fermentation  product  or  substrate  for  many  j 
aerobic  and  anaerobic  bacteria  and  for  some  yeasts  {3).  In 
the  atmosphere,  formic  acid  is  an  important  product  in  the 
photochemical  oxidation  of  organic  matter  (4). 

-Despite  its  potential  importance,  formic  acid  has  proven  i 
difficult  to  quantify  at  submicromolar  levels  in  natural  water  | 
samples.  Formidable  rmalytical  difficulties  are  assodsted  with  j 
its  detection  in  highly  saline  samples  (5).  Ion  exdusion,  anion : 
exchange,  and  reversed-phase  high-performance  liquid  chro-  = 
mnlography  (RP-Hl’LC)  techniques  based  on  the  direct  dc*  ■ 
tcction  of  formic  acid  in  aqueous  samples  are  prone  to  in-  { 
tcrfcrcnces  (especially  from  inorganic  salts)  that  ultimately  | 
limit  Uic  sensitivity  of  these  methods.  * 

/\  potentially  more  sensitive  imd  selective  approadi  involves 
reaction  of  formic  acid  with  a  reagent  to  form  a  chromophore 
or  fluorophore.  followed  by  cliromatogrnphic  analysis.  A  wade 
variety  of  alkylating  ond  silylating  reagents  have  been  used 
for  Uiis  purpose  (6).  Two  serious  drawbacks  to  this  approach 
arc  that  inorganic  salts  and/or  water  interfere  with  Uie  dc- 
rivntizntion  reaction,  and  these  reactions  are  generally  not  . 
specific  for  formic  acid  or  other  carboxylic  acids.  These  • 
techniques  arc  prone  to  errors  from  adsorption  losses,  con-  ^ 
tamination,  and  decomposition  of  the  components  of  interest  ' 
(7).  Enzymatic  techniques,  in  contrast,  are  ideal  for  the  : 
analysis  of  natural  water  samples,  since  they  are  compatible  • 
with  aqueous  media  and  involve  little  or  no  chemical  or 
physical  alter atiuns  of  the  sample  (c-g.,  pH,  temperature)  that 
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